In this work, we studied the enhancement of overwriting characteristics of phase-change optical disks by doping in the dielectric layers. The doping elements included chromium (Cr), molybdenum (Mo), nickel (Ni), tantalum (Ta), titanium (Ti), tungsten (W), vanadium (V), and nitrogen (N 2 ). Dynamic test showed that doping with a certain amount of W and N 2 in dielectric layers enhanced the disk overwriting characteristics. Up to fortyfold improvement in disk cycleability was observed when N 2 gas was introduced during sputtering deposition of the upper dielectric layer at the gas flow rate of N 2 /Ar ¼ 25%. Tungsten was the best among the doping metallic elements resulting in fivefold improvement in disk cycleability. Optical property measurement revealed that the refractive index (n) decreased with increasing N 2 doping percentage, while the relatively small amount of metallic element doping negligibly changed the optical constants. Subsequent modulation simulation showed that such an optical property change is beneficial to disk overwriting characteristics. Nanoindentation test showed that N 2 doping was the most effective method for increasing the hardness of the dielectric layer. This implies that, with increasing mechanical strength, the dielectric layer possesses better resistance to thermal deformation resulting from laser heating, thereby enhancing the cycleability of optical disks.
Introduction
In a conventional phase-change optical disk, the recording layer is sandwiched between two dielectric protective layers. During signal reading/writing, thermal stresses would periodically deform the disk's multilayer structure and result in the deterioration of the overwriting signal properties. Enhancement of disk overwriting characteristics as well as cycleability thus becomes one of the important topics in studies related to phase-change optical disks.
Many disk overwriting characteristic enhancement methods have been reported. These include disk structure optimization for improving the mechanical properties of optical disks and material flow of the recording layer, [1] [2] [3] [4] addition of high-melting-point component such as Cr-Te alloy to the recording layer to prevent the material flow, 5) usage of dense and hard dielectric materials such as TaO X to suppress the deformation at the substrate surface and the fracture in the dielectric films, 6) usage of the variable-pulse compensation writing strategy to avoid excessive heat accumulation during the recording process, 7, 8) insertion of interfacial layer such as GeN and SiC between recording and dielectric layers to prevent sulfur (S) diffusion into the recording layer, 9, 10) and doping of the recording layer with nitrogen (N 2 ) or oxygen (O 2 ) atoms to refine the grains of the recording layer. 10, 11) In this work, we report on the enhancement of disk overwriting characteristics and cycleability by doping various elements in the dielectric layer. A dynamic test was employed to determine the overwriting signal properties of the doped disks. Optical properties and hardness of the doped dielectric layer were evaluated using the n&k analyzer and nanoindentor, respectively. The changes in optical and mechanical properties of the doped dielectric layer and their relationships to disk cycleability enhancement are discussed.
Experimental
The multilayer optical disk structure was deposited on 1.2-mm-thick polycarbonate (PC) substrate using a SFI sputtering system with background pressure of 1 Â 10
À6
Torr. The cross-sectional configuration of an optical disk sample is shown in Fig. 1 . Seven different kinds of metallic elements, including Cr, Mo, Ni, Ta, Ti, W, and V, were doped in (ZnS) 80 -(SiO 2 ) 20 dielectric layer by attaching various sizes of thin foil on top of the dielectric target. In this work, the doping ratio is expressed as the foil-to-target area coverage ratio. Regarding N 2 doping, it was carried out by introducing N 2 gas into the Ar flow at various flow ratios during sputtering. Three different gas flow ratios, N 2 /Ar ¼ 25%, 50%, and 75%, were adopted and three different types of nitrogen doping experiments were performed in this work: doping in the upper dielectric layer only, doping in the bottom dielectric layer only, and doping in both dielectric layers. The doping conditions of all elements are shown in Table I . After initialization under the condition of laser power = 500 mW and linear velocity = 6 m/s, the disk samples were sent to a custom-made dynamic tester having a pickup head with 780 nm laser diode and a 0.55 NA objective lens as shown in Fig. 2 The writing strategies for overwriting signal characteristics are as follows: the 11T (¼ 2:2 mm) signals were first written on the track using multipulse incident laser waveform, as shown in Fig. 3 , then the 3T (¼ 0:6 mm) signals generated by single-pulse laser were directly overwritten on the track previously recorded with the 11T signals. After 10 overwriting cycles, the carrier-to-noise ratios (CNRs) of the 11T signal, 3T-overwriting-11T signals, erase ratio over 11T signals, and the overwriting eraseability of 3T were determined to evaluate the overwriting signal characteristics of optical disks.
The disk cycleability was tested in another self-designed dynamic tester with 660 nm wavelength laser and 0.6 NA objective lens at a linear velocity of 7.2 m/s. The writing strategy for the cycleability test is as follow: the 7T (¼ 1:7 mm) signals were written on the track using multipulse what with erase power/write power ðP e =P w Þ ¼ 0:3 and the CNR of 7T signals was continuously recorded until it decrease by more than 10 dB from the CNR of the initial writing. In this work, we define the number of cycles corresponding to the CNR that is less than 3 dB of the initial value as the cycleability of optical disks.
During the preparation of optical disk samples, 140-mmthick dielectric films were simultaneously deposited on the Si wafer for the tests on optical and mechanical properties. The optical properties of the doped dielectric films were determined using an n&k analyzer (model 1200 by n&k Technology Inc.). The hardness of the doped samples was measured using the TriboScope II nanomechanical testing system (Hysitron Inc.) mounted on the D3100 scanning probe microscope (Digital Instruments Inc.). For the nanoindentation test, the peak load was 25 mN and the maximum displacement of indenter was 100 nm. The maximum displacement was less than one-fifth of the thickness of the dielectric films to avoid the substrate effect.
Results and Discussion

Overwriting signal characteristics of disks
At the beginning of the dynamic test, the writing power (P w ) was adjusted from 8 to 15 mW to determine the appropriate writing power while the reading power was fixed at 1.5 mW. Figure 4 shows the overwriting signal characteristics of the optical disk doped with W and improvements in signal characteristics were observed. In 11T-overwriting-on-3T signal experiment, the disk doped under the condition of 2% area coverage ratio exhibited more than 5 dB increase in CNR and erase ratio in the low-writing-power regime [see Fig. 4(a) ]. In the 3T-overwriting-on-11T signal experiment, similar enhancements in CNR and overwriting erasability were also observed in the disk doped under the condition of 5% area coverage ratio [see Fig. 4(b) ]. The occurrence of signal characteristic enhancement in the low-power regime might give the disk drive designer more tolerance in terms of the laser power control. Hence, W doping is a plausible method for the enhancement of disk overwriting capability.
Regarding the overwriting signal characteristics of optical disks doped with Cr, Ni, Ta or V, adding a small amount of these elements in the dielectric layers had no effect on the signal characteristics, and increasing the doping concentra- 11T marks multipulse trigger waveform tion in the dielectric layers deteriorated the overwriting signal characteristics of the optical disk. In the high-writingpower regime, we observed some increase in CNRs and erasability in the disks doped with Cr or Ni. However, since one must use the disk driver having higher laser power to obtain good signal characteristics for these doped optical disks, raising the writing power is in fact no beneficial to the hardware design. There was no clear change in the overwriting signal characteristics of optical disks doped with Mo and Ti. In fact, the signal characteristics were insensitive to the amount of dopant added in these disk samples. In N 2 doping experiments, only the disk samples prepared under the condition of N 2 /Ar ratio = 25% responded to our signal property characterization. There were many visible defects in the disks doped under the condition of N 2 /Ar ratios = 50% and 75% such that the dynamic test could not be performed. The etching nature of N 2 reactive sputtering is considered to be the cause of these defects that made the signal tests fail. As shown in Fig. 5(a) , the CNRs and erase ratios of the 11T-overwriting-on-3T signal experiment were improved regardless of the locations of N 2 doping in the writing power regime lower than 12 mW. Similar signal characteristic enhancements were also observed in the 3T-overwriting-on-11T signal experiment [see Fig. 5(b) ]. The results above indicated that nitrogen doping is also an effective method for raising the disk overwriting signal characteristics. Table II summaries the experimental results of disk cycleability carried out in this work. There was no clear increase in cycleability when Cr, Ni, Ti or Ta was doped into the dielectric layer of optical disks. For the optical disks doped with 5% Mo and 5% V, the cycleability increased up to twice of the initial value. The most significant improvement was observed in the disk whose upper dielectric layer was doped with N 2 under the condition of N 2 /Ar flow ratio = 25%. During disk signal reading/writing, the upper dielectric layer is expected to have a larger thermal gradient which, in turn, causes larger thermal stresses and deformation in comparison with that occurring in the bottom dielectric layer. The enhancement of mechanical properties of the upper dielectric layer should thus be clearly beneficial to disk cycleability, as shown in the disks whose upper dielectric layer was doped with N 2 .
Cycleability test of disks
Optical properties of dielectric layers
Optical property measurements showed that the n and k values of the dielectric layer were insensitive to the metallic element doping performed in this work. This implies that the changes in disk overwriting signal characteristics were unlikely to be resulting from the modification of optical properties in the case of metallic doping. However, in N 2 -doped specimens, we observed that both the n and k values decreased with increasing in laser wavelength, as shown in Fig. 6 . The n decreased from 2.2 to 1.65 as the percentage of nitrogen flow increasd up to N 2 /Ar ¼ 75%, while the k remained nearly zero in the wavelength ranging from 600 to 900 nm. We substituted the data shown in Fig. 6 into the simulation program modeled under the same doping conditions of both dielectric layers as shown in Fig. 5 to calculate the total reflectivity of these optical disks. With the calculation results, the modulation of optical disks was determined using the formula,
where R c = total reflectivity of optical disk when the recording material is in crystalline state and R a = total reflectivity of optical disk when the recording material is in amorphous state. The result of modulation simulation using eq. (1) is shown in Fig. 7 . It indicated that, in the wavelength ranging from 600 to 900 nm, the doping-free disk (with n ¼ 2:1 for the dielectric layer) has the modulation approximately equal to 0.3. As shown in Fig. 6 , the values of n for doped dielectric layers decrease from 2.1 to 1.65 with increasing N 2 doping. In this range of n, the modulation of optical disk increases from 0.3 to a peak value approximately equal to 0.38 and decreases to 0.36 when n ¼ 1:65, as shown in Fig. 7 . This shows that the N 2 doping in dielectric layers benefits the modulation of optical disks. This explains why we observed the enhancement of overwriting signal characteristics in N 2 -doped disks. Figure 8 shows the load and displacement curves of dielectric films doped with V, Mo or N 2 elements subjected to the nanoindentation test. It can be readily seen that the load-displacement curves of V, Mo and N 2 all shift to the left; this denotes that the film became harder so that the indenter penetrated the film at less depth. Among them, the N 2 doping exhibited the best hardening effect on the dielectric films. By calculation, the hardness of undoped, V-doped, Mo-doped and N 2 -doped dielectric layers were 4.42, 4.73, 5.20 and 7.28 MPa, respectively. The improvement in mechanical properties of the dielectric layer should also be helpful in improving the disk cycleability since it provided the dielectric layer better resistance to thermal deformation resulting from laser heating.
Mechanical properties of dielectric layer
Conclusions
We demonstrated that N 2 doping is a very promising methods for enhancing the overwriting signal characteristics and cycleability of phase-change optical disks. The metallic element doping using V, Mo, or W was also beneficial to either the overwriting characteristics or cycleability of the disks; however, their effects were not as significant as that the N 2 doping. The N 2 doping caused the changes in the optical properties of the dielectric layer and exaggerated the modulation of the disks which, in turn, improved the overwriting characteristics of the disks. Experimental results further indicated that N 2 doping in the upper dielectric layer was able to increase the disk cycleability up to forty times. Such vast cycleability enhancement was attributed to the increase in mechanical strength of the doped dielectric layers, as shown by the nanoindentation test. The results above indicated that the N 2 doping in the dielectric layer of phase-change optical disks is a very promising method for enhancing the overwriting signal characteristics and disk cycleability.
